Background/Aims: In clinical settings, the pulsatility index (PI) has become a widely used tool for monitoring obstetrics or other vascular diseases. It is based on the maximum Doppler shift waveform derived from ultrasonography. However, it remains unclear whether the PI levels are correctly predicted from the perfusion in mouse model of hindlimb ischemia. Methods: To explore the relationship between PI and perfusion, we generated a unilateral hindlimb ischemia model in 8-week-old C57BL/6 male mice by ligation of the right common iliac artery and femoral artery. These mice were monitored with laser Doppler perfusion imaging (LDPI) and an ultrasound system (Vevo2100). Vessel densities in ischemic skeletal muscles were measured with vWF staining, which functions as a marker for endothelial cells. In order to further verify PI evaluation in other conditions, we performed therapeutic experiments using hindlimb ischemic mouse with PBS or FGF2 treatment. Results: In the mouse model of hindlimb ischemia, the PI levels were continuously elevated and were accompanied by an increased ratio of perfusion to blood flow. 1 and 4 weeks after ischemia, the densities of vWF staining were correlated with PI values. Moreover, the PI index exactly reflected the perfusion in hindlimb ischemic mice after FGF2 treatment, while it indicated the condition of angiogenesis after therapeutic treatment based on the association between PI values and the number of vWF-positive stained cells in muscles. Conclusion: This study confirms the utility 
Introduction
The prevalence of peripheral arterial disease (PAD) has been increasing across the aging population and results in progressive narrowing and occlusion of the peripheral arteries [1] . Approximately 12% of adults are diagnosed with this disease [2] . In Germany, PAD prevalence in women and men aged over 65 years is 17% and 20%, respectively [3] . In some severe cases, PAD significantly affects the quality of life, resulting in high morbidity and mortality [4] . Patients with both diabetes and PAD are at higher risk of low extremity amputation than those without diabetes [5] . Among those suffering from both diseases, a quarter of patients affected with critical limb ischemia died each year [6] . In patients with PAD alone, susceptibility of coronary artery disease (CAD) ranges from 46% to 71% [7, 8] . Unfortunately, until now, there is no cure for this disease.
The assessment of blood flow recovery in small animals is critical for phenotyping genetic mouse models, evaluating the efficacy of novel vascular disease therapies, and investigating the safety of agents with potential toxic side effects [9, 10] . Conventional noninvasive in vivo methods for assessing blood flow recovery are used for physiological investigations but are not reproducible, which prevents comparisons. The current imaging techniques, such as laser Doppler imaging [11] , contrast-enhanced power Doppler ultrasound imaging, pulsedwave velocity ultrasound [12, 13] , magnetic resonance imaging (MRI) [14] , computed tomography (CT) [15] , single-photon emission computed tomography (SPECT) [16] , and positron emission tomography (PET) [17] , are hampered due to compromises between spatial and temporal resolution, penetration, and sensitivity. These methods might be unsuitable for small animals, or they may be unstable for measurement because of external factors, including environment, light, and room temperature, and interior factors including body temperature, body gestures, etc. Furthermore, the application of these imaging methods in small animal models, especially mice, is time-intensive and requires extensive use of expensive equipment as well as expertise [12] . Some imaging methods are invasive and irreproducible [18] . This has driven the use of laser Doppler imaging and ultrasound in experimental small animal models of hindlimb ischemia.
It is generally accepted that a reliable non-invasive tool for detecting increased blood flow or perfusion after hindlimb ischemia would be highly valued in clinical practice and in preclinical research. A currently popular method is based on estimation of blood flow (ultrasonographic flow velocity waveform) or perfusion (laser Doppler) based on two legs from a single mouse, calculated blood recovery based on the ratio of blood flow (ischemic leg vs non-ischemic leg) can be then [1] . This could normalize individual variations and interference from some other factors.
One measurement based on the maximum Doppler shift waveform derived from ultrasonography is the Gosling pulsatility index (PI), a ratio of pulse amplitude to its mean value [19] . This index, being a ratio of blood velocities in one leg, is independent of vessel diameter, position, measurement angles, and temperatures [20] . Thus, data can be directly compared between mice, even from other labs. It was previously reported that PI has been successfully used to predict diseases in obstetrics, renal transplants, internal carotid, and middle cerebral arteries [21] .
Herein, we describe an ultrasonographic imaging methodology that used PI values to identify blood flow recovery after hindlimb ischemia in mouse model. non-invasive conventional techniques, the PI value generated by Doppler shift waveform showed only subtle changes of the ischemic leg in blood flow recovery following ischemic surgery. This index could also identify early differences in response to treatment of growth factor therapy. Therefore, the PI value in ischemic leg can be considered as a novel index for relatively reproducible and repeatable blood flow recovery for evaluating emerging ischemic therapies in mouse models of hindlimb ischemia.
Materials and Methods

Animals
Male C57B16/J mice were purchased from the Animal Facility at Wuhan University Zhong Nan Hospital, and then fed a standard diet with free access to water. All protocols were approved by the Institutional Animal Care and Use Committee of Yangzhou University, and were performed according with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Hindlimb ischemia mouse model
The hindlimb ischemic model was generated as described previously. A unilateral incision was made over the left medial thigh of the mouse. During 8 to 12 weeks of age, the mice were anesthetized by intraperitoneal administration of ketamine (30 mg/kg) and xylazine (6 mg/kg). After incision of the skin in the inguinal region, the femoral artery was aseptically and carefully dissected from the vein and nerve. Two sites of the common iliac artery and the femoral artery were tightly ligated with 6/0 sutures. Subsequently, the skin was closed with interrupted silk sutures. The arteries at the right side were not ligated and served as a control group.
Measurement of blood flow with laser Doppler perfusion imaging (LDPI)
Laser Doppler perfusion imaging (LDPI) was used to monitor perfusion in the ischemic and nonischemic legs before/after surgery. All the mice were evaluated under the same experimental conditions. Animals were anesthetized with 1% isoflurane and placed on a heated pad to maintain temperature at 37 o C to minimize data variations caused by body temperature fluctuations. After anesthesia was administered, at least 10 minutes were allowed to pass to ensure a stable body temperature and to allow the mice to reach a deep anesthesia condition, as indicated by the absence of the paw reflex. To avoid any variations induced by scanning, the distance between the source of the laser and the leg was set to 21 cm, and the resolution was 256 × 256 pixels. Mean perfusion was estimated in the foot and in the ischemic portion of the leg, extending from the thigh to the ankle. The non-ischemic legs and feet were used as controls. The mean perfusion results were reported as ratios of the surgery leg to non-surgery leg or foot for each animal.
Measurement of blood flow with ultrasound imaging
Blood flow in both legs was measured using a Vevo2100 high resolution micro-ultrasound system (Visualsonics Inc, Toronto, Canada) in the ischemic and non-ischemic legs before and after surgery. Mice were anesthetized using 1% isoflurane in oxygen and then fixed in the supine position on a heat pad. Electrode gel was applied to the limb leads to obtain concurrent electrocardiographic recordings during measurement [22] . The isoflurane concentration was adjusted to maintain heart rates in the physiologic range (400-500 BMP/s). Hindlimb hair was removed with depilatory cream [23] . Image acquisition was initiated with an MD550 transducer probe placed along the femoral artery to obtain the long axis view, which displays both ligation sites. Following acquisition of long-axis images at this position, the probe was moved along the femoral artery to identify the proximal caudal femoral artery (PCFA), which supplies nutrients and oxygen required in adductor muscles. Color Doppler images were captured to further confirm this artery and blood flow was examined in pulsed-wave Doppler mode. Blood flow measurements were performed under the same body conditions, except for body temperature. After anesthesia, the temperature of the animals was modified by a heated pad or by changing the isoflurane concentration. 10 minutes of equilibration time was allowed to pass in order to ensure a stable body temperature. 
Analysis of ultrasound data
After image acquisition, the captured images were reviewed for quality and analyzed with the Vevo working station. PI values were calculated using four continuous cardiac cycles.
V s is the maximal systolic flow, V d is the end diastolic flow, and V a is the temporal average frequency over 1 cardiac cycle.
Pathologic assessment of angiogenesis
Following laser Doppler perfusion and ultrasound scanning at the 4-week time point, each animal was sacrificed. Gastrocnemius muscle was fixed in 4% paraformaldehyde, paraffin embedded, and sectioned (6 µm). The paraffin sections of the hindlimb tissue were deparaffinized using xylene (dimethyl benzene) and were heated in a citrate buffer (pH 6.0) for retrieving antigen. Slides were then blocked with 3% H 2 O 2 and 10% goat serum, and were incubated with the primary antibody for vWF overnight at 4 ℃. The slides were then washed 3 times with PBS and incubated with a secondary for 1 h at 37 °C. DAPI was used to counterstain the nuclei and then washed. Replacement of the primary antibody with PBS served as a negative control. Sections were imaged with a microscope using a 20X objective. The number of animal microvessels per group and eight fields of view per tissue were counted. All measurements were performed in a blinded manner [24] .
Statistical analysis
All data were shown as means ± SD. Statistical analysis was carried out using SPSS Version 23. A t-test was used to compare the means between two groups. A two-way analysis of variance (ANOVA) was used to compare measurements of various parameters over time.
Results
PI precedes blood recovery in experimental hindlimb ischemia
We investigated the temporal relationship between PI and blood flow recovery in the hindlimb ischemia mouse model. First, the blood flow increase in the hindlimb ischemic mouse model was measured with a laser Doppler perfusion imaging system. One day after ligation surgery, the ratio of perfusion in the ischemic leg to that in the non-ischemic leg sharply decreased to 8.0 ± 1.6% compared to the ratio before ligation (Fig. 1A) . With an endogenous repairing system, the perfusion ratio increased to 12.3 ± 2.8% two weeks after ligation and reached 17.1 ± 1.9% four weeks after surgery (Fig. 1B) .
The velocity of blood flow in the proximal caudal femoral artery was measured with a micro-ultrasound system before and after surgery at different times. To normalize the difference between two legs, the ratio of blood flow was calculated as 101.1 ± 7.5% in the normal condition. In this way, the ratio of blood flow significantly decreased to 6.6 ± 1.4% after ligation compared with that before surgery (Fig. 1B) . With the endogenous angiogenic repairing system, the blood flow ratio reached 11.4 ± 2.8% four weeks after surgery (Fig.  1B) .
Besides the consistency of the perfusion ratio (ligation leg vs non-ischemic leg) from laser Doppler perfusion imaging and the blood flow ratio measured by ultrasound, both methods also displayed endogenous recovery of blood flow after ligation. The ratio of perfusion was positively correlated with the blood flow ratio measured by ultrasound (Fig.  1D-1F ).
Blood flow analysis was performed in pulsed-wave Doppler images, and the peak systolic velocity (V s ), minimal end diastolic velocity (V d ), and average velocity per heart cycle (V a ) in the femoral arteries were acquired ( Fig. 2A) . Temporal analysis of PI was performed in the proximal caudal femoral artery, which was downstream of the ligation sites and primarily supplied blood to the adduct muscle. We found a drastic decrease of PI after surgery; the value reached 0 compared to the value before ischemic surgery ( Fig. 2B and 2C) . 2B and 2C ).
PI correlation with blood recovery in hindlimb ischemia
To further investigate PI as an index for blood flow recovery in hindlimb ischemia, the correlation between PI and the blood flow ratio measured with other methods was studied in the mouse model of ischemic hindlimb. 28 days after ligation surgery, there was a strong linear relationship between PI and perfusion ratio measured with a laser Doppler perfusion image (r = 0.915, 95% CI, 0.591 to 0.985, p = 0.002) (Fig.  2D) . The correlation between PI and blood flow ratio was also identified from ultrasound (r = 0.893, 95% CI, 0.508 to 0.981, p = 0.003) (Fig. 2E) .
Taken together, these data suggest that PI in the proximal caudal femoral artery could be used to evaluate blood flow recovery in the mouse model of hindlimb ischemia.
PI correlation with angiogenesis in hindlimb ischemia
Using detection of PI temporal changes in the proximal caudal femoral artery in hindlimb ischemia, we further investigated the relationship between PI and angiogenesis after ligation.
vWF, a molecular marker for endothelial cells, did not significantly increase in the ischemic leg 7 days after ligation compared to the sham leg (Fig. 3A-3C ). However, positive signaling of vWF was significantly increased in the ischemic leg 28 days after ligation (Fig. 3A-3C) .
Then, the relationship between PI and angiogenesis was analyzed at different blood flow recovery stages after ligation. PI was correlated with vessel number 7 days after ligation (Fig.  3D) , and the relationship became closer 28 days after surgery (r = 0.988, 95% CI, 0.5931 to 0.998, p < 0.001) (Fig. 3E) .
The ability of PI measures to differentiate effects of ischemic treatment
To determine the relative sensitivity of PI analyses versus conventional blood flow ratios measured by laser Doppler imaging during blood flow recovery, mice were treated with FGF2 or PBS (control) after hindlimb ischemia. Both conventional and PI analyses showed similar results at basic conditions, before or after surgery. PI analysis showed that FGF2 significantly promoted blow flow compared with PBS treatment (twoway ANOVA analysis, p < 0.05) (Fig. 4A and 4B) . In mice injected with FGF2, the PI value increased significantly two weeks after treatment compared to the control group ( Fig. 4A and 4B ). Four weeks after treatment, PI value was approximately a factor 1.968 larger in mice treated with FGF2 than those treated with PBS ( Fig. 4A and 4B) .
In mice injected with FGF2, the blood flow ratio measured by laser Doppler perfusion imaging significantly increased two weeks after treatment compared to the control mice (Fig. 4C) . Four weeks after treatment, the blood flow ratio of the FGF2 treatment group was approximately a factor 2.767 larger than PBS control (Fig. 4C) . In addition, the significantly increased blood flow ratio measured by ultrasound was identified in the FGF2 administrated mice 2 weeks after treatment (Fig. 4D) . Consistent with previous reports, laser Doppler perfusion and ultrasound analysis showed that FGF2 can significantly promote perfusion and blood flow compared with PBS (two-way ANOVA analysis).
Discussion
The aim of this study was to establish and evaluate a non-invasive ultrasonographic imaging methodology for PI, thus revealing blood flow recovery after hindlimb ischemia in mouse model. The PI value in the ischemic leg could be considered a novel index for relatively reproducible and repeatable blood flow recovery, including the evaluation of emerging ischemic therapies in mouse model of hindlimb ischemia.
Currently, there are some invasive perfusion methods for preclinical research with a contrast agent in the application of CT, MRI, and other techniques. The contrast agent in MRI offers relative good sensitivity and spatial resolution in vascular imaging, in which the circulatory system including capillary vessel can be identified and separated from the background tissue. To obtain higher spatial resolution images with MRI, the mice must be sacrificed to allow a sufficient frame rate for bolus tracking [25] . Although contrast agents highly increase the sensitivity for scanning, SPECT and PET both suffered from poor spatial resolution. Even though these techniques can provide good images for analysis of perfusion, they require expensive equipment and operational expertise. Moreover, injection Recently, other approaches to noninvasive perfusion assessment, including laser Doppler and some ultrasound techniques, have been explored to provide simultaneous imaging of perfusion and blood flow. Although the current golden standard for reperfusion measurement is to use laser Doppler in preclinical research on reperfusion in mouse model of hindlimb ischemia, it still has many disadvantages. The perfusion value with laser Doppler can be disturbed by external environmental factors, including light intensity, environmental temperature, and temperature fluctuations. Additionally, some internal factors also can affect the measurement accuracy and stability. The perfusion value from laser Doppler correlates well with mouse body temperatures. Moreover, some details in the measurement procedure can determine the perfusion value, resulting in repeatability and data comparability. It is necessary to maintain the same imaging position in order to maintain the same distances between the scanner and both sides of the feet/ legs in one mouse. Tiny fluctuations in anesthetic conditions can change the perfusion value. To avoid some of the disadvantages of laser Doppler, the blood blow ratio from two sides of a mouse is adapted in analysis of perfusion. However, the mouse position and distances between the scanner and feet/legs are not fixed in real-time measurements for an extended period of time.
Normal ultrasonography for blood flow is involved in a typical pattern of color Doppler and pulsed-wave velocity mode imaging. Like laser Doppler, it depends on the blood flow velocity measurement of both legs for a single mouse. There are also many disadvantages of blood flow measurement with ultrasound compared to laser Doppler. The measurement angle is another drawback for blood flow analysis using ultrasound. A small change of angle sharply affects the measured peak velocity of blood flow and fails to reflect the tiny change of blood flow in the recovery process after ischemia. Even an analysis of blood flow ratio between the two sides of feet/legs cannot overcome this disadvantage.
Accordingly, we observed alterations in the PI value, which tended to be much easier and more sensitive in preclinical research of ischemic mice. We adopted the PI value as a new index for interrupting collateral flow and blood flow recovery. With this method, the blood flow recovery in distal hindlimb tissue could be consistently measured, which tended to give a more accurately representation of angiogenesis and arteriogenesis. Because the PI value is a ratio of pulse amplitude to its mean value, as a ratio of velocities in one leg, it did not rely on vessel diameter information, position, measurement angles, or external and internal temperatures. Importantly, it was not affected by the mouse position and the distance between the scanner and legs. Therefore, this analysis of blood flow recovery was more repeatable and reproducible. Using PI analysis, the blood flow increase could be easily estimated in only one ischemic leg during the course of recovery following ischemia. Thus, it was efficient to monitor the blood flow from only one ischemic leg, rather than from both legs with laser Doppler. Our results also demonstrate that serial application of PI analysis from blood flow measurements in the ischemic leg is highly convenient and allows one to easily identify any beneficial effects of an angiogenic therapy following ischemia. In contrast, conventional perfusion and flow measurements with laser Doppler or ultrasound could not detect the difference between PBS versus FGF-2-treated mice until 2 weeks following ischemia (Fig.  4C and 4D ). Prior studies have also shown significantly improved blood flow 2 weeks after FGF2 treatment. Our data indicated that PI value alterations can directly reflect the effects of rescue therapy with FGF-2 treatment 2 weeks after injection and also predicted subsequent differences in blood flow recovery (Fig. 4B) .
The limitations for this study merit consideration. In this study, only an acute ischemia mouse model was examined. Multiple models should be validated in future studies. Another issue was that further clinical evidence is required due to human disease complications, such as atherosclerosis, diabetes, and other diseases.
In conclusion, the present study introduces a novel noninvasive imaging analysis for assessing blood flow recovery after ligation in the hindlimb of a mouse. Importantly, given the affect from many aspects in experimental procedures, this methodology is a potential candidate for rapid estimation in a relatively large number of animals over a longer experimental time. Furthermore, PI value analysis allows for rapid and sensitive assessment of blood flow recovery in response to either emerging therapies after hindlimb ischemia or in response to potential therapeutic agents. This technique is particularly useful in the growing availability of transgenic mice.
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